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1 The neurosteroid pregnenolone sulphate (PS) potentiates N-methyl-D-aspartate (NMDA)
receptor mediated responses in various neuronal preparations. The NR1 subunit can combine with
NR2A, NR2B, NR2C, or NR2D subunits to form functional receptors. Di�erential NR2 subunit
expression in brain and during development raises the question of how the NR2 subunit in¯uences
NMDA receptor modulation by neuroactive steroids.

2 We examined the e�ects of PS on the four diheteromeric NMDA receptor subtypes generated by
co-expressing the NR1100 subunit with each of the four NR2 subunits in Xenopus oocytes. Whereas
PS potentiated NMDA-, glutamate-, and glycine-induced currents of NR1/NR2A and NR1/NR2B
receptors, it was inhibitory at NR1/NR2C and NR1/NR2D receptors.

3 In contrast, pregnanolone sulphate (3a5bS), a negative modulator of the NMDA receptor that
acts at a distinct site from PS, inhibited all four subtypes, but was approximately 4 fold more potent
at NR1/NR2C and NR1/NR2D than at NR1/NR2A and NR1/NR2B receptors.

4 These ®ndings demonstrate that residues on the NR2 subunit are key determinants of
modulation by PS and 3a5bS. The modulatory e�ects of PS, but not 3a5bS, on dose-response curves
for NMDA, glutamate, and glycine are consistent with a two-state model in which PS either
stabilizes or destabilizes the active state of the receptor, depending upon which NR2 subunit is
present.

5 The selectivity of sulphated steroid modulators for NMDA receptors of speci®c subunit
composition is consistent with a neuromodulatory role for endogenous sulphated steroids. The
results indicate that it may be possible to develop therapeutic agents that target steroid modulatory
sites of speci®c NMDA receptor subtypes.
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Introduction

Pregnenolone sulphate (PS), a relatively abundant sulphated
neurosteroid (CorpeÂ chot et al., 1983), potentiates the

activation of N-methyl-D-aspartate (NMDA) sensitive gluta-
mate receptors (Bowlby, 1993; Wu et al., 1991; Yaghoubi et
al., 1998), and may act as an endogenous neuromodulator or

neurotransmitter. PS, injected intraperitoneally, increases the
convulsant potency of NMDA in mice (Maione et al., 1992)
and, when injected intracerebroventricularly, relieves memory

de®cits in rats injected with the NMDA receptor antagonists
CPP (Mathis et al., 1994) and D-AP5 (Mathis et al., 1996).
Moreover, PS enhances memory and cognitive performance

in rats and mice (Flood et al., 1992; Ladurelle et al., 2000;
Meziane et al., 1996; Pallares et al., 1998).
A number of other sulphated steroids exhibit activity as

NMDA receptor modulators. Structure-activity studies reveal

that a sulphate group at the C3 position is an important
determinant of modulatory activity at NMDA receptors
(Irwin et al., 1994; Park-Chung et al., 1997), and that other

negatively charged substituents can substitute for sulphate
(Weaver et al., 2000). Whereas PS typically enhances the

neuronal NMDA response, pregnanolone sulphate (3a-
hydroxy-5b-pregnan-20-one sulphate; 3a5bS) also modulates
NMDA receptors, but in the opposite direction, inhibiting,

rather than enhancing, NMDA-induced currents (Park-
Chung et al., 1994). 3a5bS is neuroprotective against NMDA
excitotoxicity in rat hippocampal cultures, and pregnanolone

hemisuccinate, a synthetic analogue of 3a5bS, reduces
ischaemic damage in rat brain following middle cerebral
artery occlusion, antagonizes NMDA-induced seizures and is

analgesic against late-stage formalin induced pain in mice
(Weaver et al., 1997).
Interaction studies demonstrate that the site of action of

3a5bS is distinct from that responsible for potentiation of

the NMDA response by PS (Park-Chung et al., 1997),
indicating the presence of at least two distinct steroid
modulatory sites, with the geometry of the steroid nucleus

determining activity at the two sites. Inhibition by 3a5bS is
mediated by a site that favours the `bent' steroid nucleus of
3a5bS, whereas potentiation by PS is attributed to a site that
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favours the more planar pregnene steroid nucleus (Weaver et
al., 2000).
Evidence indicates that a functional NMDA receptor

requires coassembly of the NR1 subunit with at least one
NR2 subunit (McIlhinney et al., 1996). Eight splice variants of
the single NR1 gene have been identi®ed, whereas four di�erent
genes encode the NR2A, NR2B, NR2C and NR2D subunits

(for review see Mori & Mishina, 1995). The NR1 subunit is
broadly expressed throughout the CNS (Akazawa et al., 1994;
Laurie et al., 1997; Petralia et al., 1994), whereas NR2 subunits

display distinct, although overlapping, expression patterns,
raising the question of whether the NR2 subunit in¯uences
modulation of the NMDA receptor by steroids.

In the present study, we examined the e�ects of PS and
3a5bS on the four diheteromeric receptor subtypes generated
by co-expressing the NR1100 subunit in Xenopus oocytes with

each of the four NR2 subunits. Our results demonstrate that
the NR2 subunit plays a critical role in determining the
direction of modulation by PS, with NR1/NR2A and NR1/
NR2B receptors being potentiated by PS, while NR1/NR2C

and NR1/NR2D receptors are inhibited. In contrast, 3a5bS is
inhibitory with all subunit combinations, but its potency as
an inhibitor of the NMDA response is in¯uenced by the

choice of NR2 subunit.

Methods

Preparation of RNA

Plasmids containing the NR1100 (NR1G) and NR2A cDNA
inserts were kindly provided by Dr Nakanishi (Kyoto
University Faculty of Medicine, Kyoto, Japan). Plasmids

containing the NR2B, NR2C and NR2D cDNA inserts were
kindly provided by Dr P. Seeburg (Heidelberg University,
Heidelberg, Germany). Plasmids were linearized with appro-

priate restriction enzyme prior to in vitro transcription using the
Message Machine kit (Ambion, Inc., Austin, TX, U.S.A.).

NMDA receptor expression in Xenopus oocytes

Female, oocyte-positive Xenopus laevis frogs were purchased

from Xenopus I (Dexter, MI, U.S.A.). Following 45 min of
0.15% Tricaine anaesthesia, ovarian sections containing the
follicular oocytes were removed from the frog through a

lateral abdominal incision and were immediately placed in a
calcium-free solution (in mM: NaCl 96, MgCl2 1, KCl 2,
HEPES 50, pyruvate 2.5, 0.1 mg ml71 gentamycin, pH 7.4).
Following 1.5 ± 2 h incubation in 0.2% collagenase (type II,

Sigma Chemical Co., St. Louis, MO, U.S.A.) at room
temperature, individual defolliculated Dumont stage V and
VI oocytes were transferred to an incubator and maintained

overnight in Barth's solution (in mM: NaCl 84, NaHCO3 2.4,
MgSO4 0.82, KCl 1, Ca(NO3)2 0.33, CaCl2 0.41, Tris/HCl
7.5, pyruvate 2.5, 0.1 mg ml71 gentamycin, pH 7.4) at 18 ±

208C. Oocytes were injected with 50 nL of RNA solutions
using an electronic microinjector (Drummond Inc., Broomall,
PA, U.S.A.). The transcripts were injected at a ratio of 0.125/
1.25 ng mRNA per oocyte for NR1/NR2A receptors and 0.5/

5 ng mRNA per oocyte for NR1/NR2B, NR1/NR2C and
NR1/NR2D receptors. The injected oocytes were used for
experiments following 1 ± 5 days of incubation in Barth's

solution at 18 ± 208C.

Electrophysiology

Measurements of ion currents from oocytes expressing

NMDA receptors were performed using an Axoclamp-2A
voltage clamp ampli®er (Axon Instruments, Inc., Foster
City, CA, U.S.A.) in two-electrode voltage clamp mode.
The microelectrodes were fabricated from borosilicate glass

capillaries with a programmed puller (Sutter Instrument
Co., CA, U.S.A.). Microelectrode resistance was 1 ± 3 MO
when ®lled with 3 M KCl. The oocyte recording chamber

was continuously perfused with Mg2+-free Ba-Ringer
solution (in mM: NaCl 96, KCl 2, BaCl2 1.8, HEPES 5).
Ba-Ringer was used to prevent NMDA receptor

currents from being complicated by activation of Ca2+

dependent Cl7 channels (Leonard & Kelso, 1990). Potentia-
tion of the NMDA-induced current of NR1100/NR2A

receptors by PS in Ba-Ringer tended to be less than
previously observed with Ca2+-containing solution
(Yaghoubi et al., 1998), possibly re¯ecting a nonlinear
contribution of Ca2+ dependent Cl7 channels to the NMDA

induced current.
Except where otherwise stated, oocytes were clamped at a

holding potential of 770 mV during data acquisition. The

membrane current was ®ltered at 500 Hz and sampled at
100 Hz. Drugs were applied using a gravity-driven external
perfusion system. The working volume of the recording

chamber was 30 ml and the rate of the perfusion was
50 ml s71. The drug application lasted 10 s and was followed
by 60 s wash. Data acquisition and external perfusion were

controlled using custom-written software implemented in the
SuperScope II development environment (GW Instruments,
MA, U.S.A.). All experiments were performed at room
temperature of 22 ± 248C. A response to a standard con-

centration of NMDA was obtained before and after each
concentration of agonist, and agonist responses were
normalized to this internal standard to eliminate variation

due to di�erences in expression among oocytes or run-down
during the experiment. Oocytes that showed pronounced
run-down of the response to the NMDA standard were

rejected. Peak agonist-induced currents in the presence of
steroid were expressed relative to the adjacent responses to
agonist alone.

Data Analysis

Concentration-response data were initially analysed by non-

linear regression using the logistic equation re-
sponse=Emax�1� �EC50=c�nH�ÿ1, where c is concentration,
Emax is the maximum response, nH is the Hill coe�cient. The

data are presented as mean+s.e.mean. EC50 values are
averaged as logarithms (De Lean et al., 1978)+the s.e.mean
of the log EC50. Hence, the reported mean EC50 values are

geometric means.

Modelling of NMDA receptor modulation by PS

Concentration-response data for PS were ®tted to a two-state
model with two binding sites each for glutamate/NMDA,
glycine, and PS. Activation is assumed to be concerted (i.e.

the entire receptor is either in the active or inactive state).
The two binding sites for each ligand are assumed to have the
same a�nity. This model has the equilibrium state equation,
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where p' is the fraction of receptors activated, Kligand and
K'ligand are the dissociation constants for binding of the

indicated ligand to the inactive and active states, respec-
tively, and M is the resting ratio of active to inactive
receptors. When NMDA instead of glutamate is used to

activate the receptor, [NMDA], KNMDA, and K'NMDA replace
[Glu], KGlu, and K'Glu. To ®t this equation to the
experimental data, one additional parameter, max, was

required. This is a scaling factor which is equivalent to Imax

Istd
71, the ratio of the maximum possible current (i.e. if all

receptors were simultaneously in the active state) to the

current induced by the 200 mM NMDA+10 mM glycine
internal standard (relative current=p'max). The model was
simultaneously ®tted to the full set of concentration response
data for each subunit combination by minimizing the sum of

squared deviations from the experimental data using
Microsoft Excel.

Chemicals

Steroids were obtained from Steraloids, Inc. (Wilton, NH,

U.S.A.). Other compounds were obtained from Sigma (St.
Louis, MO, U.S.A.). Steroid stocks were prepared in DMSO
and diluted into recording medium (®nal DMSO concentra-

tion 0.5%). Other solutions also contained 0.5% DMSO.

Results

NMDA receptor expression in Xenopus oocytes

To investigate the in¯uence of NMDA receptor subunit
composition on the modulatory e�ects of neuroactive
steroids, mRNA coding for the NR1100 subunit was

coinjected into Xenopus laevis oocytes along with mRNA
coding for either the NR2A, NR2B, NR2C, or NR2D
subunit. All four diheteromeric subunit combinations resulted
in expression of functional NMDA receptors 1 ± 5 days after

injection, as indicated by an inward current in response to
application of 80 mM NMDA plus 10 mM glycine.

Dependence of PS modulation upon subunit composition

As shown in Figure 1, the choice of NR2 subunit dictates the

direction of modulation by PS. Because the NMDA EC50

di�ers for the various subunit combinations, we compared
the modulatory e�ects of PS using a concentration of NMDA

close to its EC50 for each subunit combination (80 mM for
NR1/NR2A, 25 mM for NR1/NR2B and NR1/NR2C, and
10 mM for NR1/NR2D). Glycine was present at a saturating
concentration (10 mM). In oocytes expressing NR1/NR2A

receptors, the NMDA induced current is increased by
62+8% (n=8) in the presence of 100 mM PS. Similarly, with
oocytes expressing NR1/NR2B receptors, the NMDA-

induced current is enhanced by 78+9% (n=4) in the
presence of 100 mM PS. In contrast, NMDA responses of
oocytes expressing NR1/NR2C or NR1/NR2D receptors are

inhibited by 35+3% (n=4) and 26+1% (n=9), respectively,
in the presence of 100 mM PS.

As shown in Figure 1e, PS is about equally potent in
potentiating NR1/NR2A and NR1/NR2B receptors, and 3.4
to 5.6 fold less potent as an inhibitor of NR1/NR2C and

NR1/NR2D receptors (Table 1). Enhancement of NR1/
NR2A and NR1/NR2B receptors and inhibition of NR1/
NR2C and NR1/NR2D receptors exhibits little if any voltage

dependence (Figure 1f).
To determine how PS enhances or inhibits the response of

the NMDA receptor, the glutamate, NMDA, and glycine

concentration-response curves were determined in the pre-
sence and absence of PS. As shown in Figures 2 and 3, the

Figure 1 Inverse modulation of NMDA receptor subtypes by PS.
(a ± d), examples of traces obtained from oocytes previously injected
with (a) NR1/NR2A, (b) NR1/NR2B, (c) NR1/NR2C, or (d) NR1/
NR2D mRNAs. The bar indicates the period of drug application.
Interval between consecutive current traces was 45 s. Receptors were
activated by co-application of 10 mM glycine plus 80 mM NMDA
(NR1/NR2A), 25 mM NMDA (NR1/NR2B and NR1/NR2C), or
10 mM NMDA (NR1/NR2D). Co-application of 100 mM PS to NR1/
NR2A or NR1/NR2B receptors resulted in an increase in the agonist
response, whereas co-application of 100 mM PS to NR1/NR2C or
NR1/NR2D resulted in a decrease in the agonist response. (e)
Concentration-response curves for PS e�ect on NR1/NR2 receptors.
Data points are averaged values of normalized peak current
responses from oocytes injected with NR1/NR2A (n=8), NR1/
NR2B (n=8), NR1/NR2C (n=4) or NR1/NR2D (n=4) RNAs.
Responses were normalized to the control response obtained by
application of 10 mM glycine plus 80 mM NMDA (NR2A), 25 mM
NMDA (NR2B, NR2C) or 10 mM NMDA (NR2D). Error bars
indicate s.e.mean. Smooth curves are calculated from the two-state
model (equation 1) using the parameters in Table 3. (f) E�ect of
holding potential on modulation of the NMDA/glycine response by
PS. Points are averaged relative currents obtained in the presence of
100 mM PS, standardized relative to the response induced from the
same oocyte by 10 mM glycine plus 80 mM (NR1/NR2A, n=4), 25 mM
(NR1/NR2B, n=7; NR1/NR2C, n=3), or 10 mM NMDA (NR1/
NR2D, n=3). Symbols are de®ned as in e. Error bars indicate
s.e.mean.
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nature of the modulatory e�ect of PS depends not only upon
subunit composition, but also upon the speci®c agonist used.
With NR1/NR2A receptors, PS enhances the e�cacy of

NMDA, glutamate (Figure 2a) and glycine (Figure 3a). At
NR1/NR2B receptors, however, PS primarily enhances the
e�cacy of NMDA, but primarily enhances the potency of

glutamate (Figure 2b) and glycine (Figure 3b).
Negative modulation by PS of NR1/NR2C and NR1/

NR2D receptor activation is a consequence of a decrease in

the e�cacies of glutamate, NMDA (Figure 2c,d), and glycine

(Figure 3c,d). Agonist potencies are not decreased, indicating
that PS does not compete for either the glutamate or glycine
recognition sites.

Inhibitory potency of 3a5bS depends upon the NR2
subunit

As shown in Figure 4a ± d, 100 mM 3a5bS reversibly inhibits
NMDA-induced currents of Xenopus oocytes expressing
NR1/NR2A (Figure 4a), NR1/NR2B (Figure 4b), NR1/NR2C

(Figure 4c), or NR1/NR2D (Figure 4d) receptors. However, the
extent of inhibition is signi®cantly greater withNR1/NR2C and
NR1/NR2D receptors than with NR1/NR2A and NR1/NR2B

receptors (P50.01, ANOVA with Sche�eÂ s post-hoc test).
Concentration-response analysis (Figure 4e) indicates that
this di�erence is primarily due to an approximately 4 fold

lower potency of 3a5bS at NR1/NR2A and NR1/NR2B
receptors than at NR1/NR2C and NR1/NR2D receptors (see
Table 2 for EC50s). Inhibition of the NMDA induced current

by 3a5bS exhibits little if any voltage dependence from 7100
to +20 mV (Figure 4f).

To determine how 3a5bS inhibits the glutamate response,
concentration-response curves were constructed for glutamate

(in the presence of 10 mM glycine) and glycine (in the presence
10 mM glutamate) in the presence and absence of 100 mM
3a5bS. As shown in Figure 5, 3a5bS decreases the e�cacy

with which glutamate and glycine activate NR1/NR2A
(Figure 5a,b), NR1/NR2B (Figure 5c,d), NR1/NR2C (Figure
5e,f), and NR1/NR2D (Figure 5g,h) receptors.

Table 1 Concentration dependence of PS modulation of the
NMDA response

PS Emax

Subunits (% change) PS EC50 log PS EC50 nH (#)

NR1/NR2A +167+7% 21 mM 74.68+0.09 1.33+0.08 (8)
NR1/NR2B +202+10% 33 mM 74.49+0.05 1.42+0.11 (4)
NR1/NR2C 763+9% 112 mM 73.95+0.29 1.32+0.29 (4)
NR1/NR2D 770+6% 118 mM 73.92+0.11 1.16+0.08 (4)

Results from each oocyte (number given in far right column)
were independently ®tted to the logistic equation. Emax is
expressed as percentage change (+ for potention, 7 for
inhibition) in the presence of PS, relative to the response
induced in the same oocyte by an approximate EC50

concentration of NMDA in the presence of 10 mM glycine.
EC50 values are averaged as logarithms (De Lean et al.,
1978)+the s.e.mean of the log EC50. Concentration of
NMDA was 80, 25, 25, and 10 mM for NR1/NR2A, NR1/
NR2B, NR1/NR2C, and NR1/NR2D, respectively (see
Methods).

Figure 2 The choice of NR2 subunit determines the direction of PS
modulation of the glutamate and NMDA concentration-response
curves. Data points are averaged normalized peak NMDA-induced
current responses obtained from oocytes injected with (a) NR1/
NR2A, (b) NR1/NR2B, (c) NR1/NR2C, or (d) NR1/NR2D
mRNAs. Concentration-response data for NMDA and for L-
glutamate were obtained in the presence of 10 mM glycine. The data
were normalized relative to the current response from the same
oocyte induced by co-application of 200 mM NMDA and 10 mM
glycine. Error bars represent s.e.mean. Smooth curves are calculated
from equation (1) using the parameters in Table 3.

Figure 3 The choice of NR2 subunit determines the direction of PS
modulation of the glycine concentration-response curve. Data points
are averaged normalized peak current responses obtained from
oocytes injected with (a) NR1/NR2A, (b) NR1/NR2B, (c) NR1/
NR2C, or (d) NR1/NR2D mRNAs. Concentration-response data for
glycine were obtained in the presence of 10 mM L-glutamate and in
the absence and presence of 100 mM PS. The data for each oocyte
were normalized relative to the current response induced by co-
application of 200 mM NMDA plus 10 mM glycine. Error bars
represent s.e.mean. Smooth curves are calculated from equation (1)
using the parameters in Table 3.
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Modelling the interaction of PS with the NMDA receptor

It seems unlikely that the fundamental mechanism of action

of PS would be di�erent for receptors of di�erent subunit
composition, or that PS would have di�erent mechanisms of
enhancing NMDA and glutamate responses of NR1/NR2B
receptors. We therefore considered whether a single allosteric

model could accommodate the di�erent e�ects of PS on
agonist concentration-response curves for the four types of
NMDA receptors tested. The simplest possible allosteric

model is the two-state model, in which a receptor is assumed
to exist in either an inactive (closed) or an active (open)
conformation, with each conformation having its own
characteristic a�nity for ligands (Karlin, 1967; Monod et

al., 1965). In a two-state model, the e�cacy of an agonist is
dependent upon the ratio (K'agonist Kagonist

71) of its a�nities
for the active and inactive states, and upon the gating

equilibrium constant, M=[R'] [R]71, which is the ratio of
active to inactive receptors in the absence of agonist
(Colquhoun, 1998).

Figure 4 The choice of NR2 subunit in¯uences 3a5bS inhibition of
the NMDA response. a ± d, examples of traces obtained from oocytes
previously injected with NR1/NR2A, NR1/NR2B, NR1/NR2C, or
NR1/NR2D mRNAs, respectively. The bar indicates the period of
drug application. Interval between consecutive current traces was
45 s. The receptors were activated by co-application of 10 mM glycine
plus 80 mM NMDA (NR1/NR2A, a), 25 mM NMDA (NR1/NR2B, b
and NR1/NR2C, c), or 10 mM NMDA (NR1/NR2D, d). Typical
results are shown; mean inhibition was 53+5% (n=3) for NR1/
NR2A, 58+3% (n=3) for NR1/NR2B, 97+2% (n=6) for NR1/
NR2C, and 83+3% (n=3) for NR1/NR2D. e, concentration-
response curves for 3a5bS e�ect on NR1/NR2 receptors. Data
points are averaged values of normalized steady-state current
responses from oocytes injected with NR1/NR2A (n=4), NR1/
NR2B (n=3), NR1/NR2C (n=6) or NR1/NR2D (n=4) RNAs.
Current responses are expressed relative to the current response in
the absence of 3a5bS. Error bars represent s.e.mean. Smooth curves
are derived from ®ts to the logistic equation. f, dependence of 3a5bS
e�ect on membrane potential. Points are averaged relative current
obtained in the presence of 100 mM 3a5bS. (NR1/NR2A, n=5; NR1/
NR2B, n=10) or 10 mM 3a5bS (NR1/NR2C, n=4; NR1/NR2D,
n=10).

Table 2 Concentration dependence of 3a5bS modulation of
the NMDA plus glycine response

3a5bS Emax 3a5bS log 3a5bS
Subunits (% change) EC50 EC50 nH (#)

NR1/NR2A 781+5% 62 mM 74.20+0.06 1.39+0.07 (3)
NR1/NR2B 782+1% 38 mM 74.42+0.11 1.06+0.04 (3)
NR1/NR2C 799+2% 12 mM 74.93+0.03 1.34+0.04 (6)
NR1/NR2D 798+7% 14 mM 74.85+0.03 1.14+0.16 (4)

Results from each oocyte (number given in far right column)
were independently ®tted to the logistic equation. Emax is
expressed as percentage change (inhibition) relative to the
response induced in the same oocyte by an approximate
EC50 concentration of NMDA in the presence of 10 mM
glycine. Concentration of NMDA was 80, 25, 25, and 10 mM
for NR1/NR2A, NR1/NR2B, NR1/NR2C, and NR1/
NR2D, respectively (see Methods).

Figure 5 E�ect of 3a5bS on glutamate (a, c, e, g) and glycine (b, d,
f, h) concentration-response curve of oocytes expressing NR1/NR2A
(a, b), NR1/NR2B (c, d), NR1/NR2C (e, f) or NR1/NR2D (g, h)
subunits. Glutamate concentration-response data was obtained in the
presence of 10 mM glycine and in the absence or presence of 100 mM
3a5bS. Glycine concentration-response data was obtained in the
presence of 10 mM glutamate and in the absence or presence of
100 mM 3a5bS. Data points are averaged normalized peak current
responses of three to seven oocytes. Smooth curves are ®ts to the
logistic equation. The data for each oocyte were normalized to
standard current responses induced by co-application of 200 mM
NMDA and 10 mM glycine. Concentration-response data for
glutamate and glycine alone is the same as in Figure 2, and is
repeated for comparison.
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Evidence suggests that the NMDA receptor is tetrameric,
with two sites for glutamate/NMDA and two sites for glycine
(Clements & Westbrook, 1991). We modelled the receptor on

this basis, adding two additional sites for PS (two sites
seeming more likely than one on the basis of symmetry)
(Figure 6). Activation is treated as concerted, with all
subunits activating or deactivating simultaneously. Because

little if any desensitization is observed in our experiments (see
Figure 1), a desensitized state is not included. This model
entails a total of 10 parameters: the dissociation constants for

binding of each of the four ligands to the active and inactive
states of the receptor, the resting ratio of active to inactive
receptors, and a scaling factor related to the number of

receptors (the current if all receptors were simultaneously
active, expressed relative to the 200 mM NMDA response).
For each subunit combination, the concentration-response

data for all agonists in the presence and absence of PS were
simultaneously ®tted to the two-state model (equation 1) .The
two state allosteric model readily accommodates the co-
agonist interaction between glutamate/NMDA and glycine,

which arises because each of the co-agonists individually has
very low e�cacy. Simultaneous binding of the co-agonists to
the glutamate and glycine sites results in a synergistic

interaction, such that their combined e�cacy is much greater
than the sum of their individual e�cacies.
As shown in Figures 1 ± 3, in which the smooth curves are

calculated from the two-state model using the ®tted
parameters (Table 3), this model also produced a good ®t
to the data for the e�ects of PS on all four subunit

combinations. The model provides an explanation for the
di�erent e�ects of PS on the agonist concentration-response

curves for NR1/NR2A and NR1/NR2B receptors. In this
type of model, an allosteric modulator is expected to
in¯uence both agonist potency and agonist e�cacy, but one

e�ect on the other may predominate. If an agonist has high
e�cacy to begin with, such that it is capable of activating
nearly all receptors, then a positive allosteric modulator is
predicted to primarily enhance the potency of that agonist,

shifting its concentration-response curve to the left. In
contrast, a positive allosteric modulator will primarily
enhance the e�cacy of a partial agonist.

PS increases the e�cacy of glutamate and glycine at
NR1/NR2A receptors, but primarily increases the potency of
glutamate and glycine at NR1/NR2B receptors, suggesting

that glutamate and glycine have lower e�cacy at NR1/NR2A
than at NR1/NR2B receptors. As calculated from the ®tted
parameters (Table 3), saturating glutamate and glycine

activate only 16% of NR1/NR2A receptors, but 88% of
NR1/NR2B receptors. In contrast, NMDA has low e�cacy
at both NR1/NR2A and NR1/NR2B receptors, producing
(at saturating glycine) 13 and 62% maximal activation,

respectively, so PS enhances the e�cacy of NMDA in both
cases.

Conversely, the two-state model predicts that a negative

allosteric modulator will primarily decrease the potency of a
high-e�cacy agonist, while decreasing the e�cacy of a partial
agonist. In the case of NR1/NR2C and NR1/NR2D

receptors, the major e�ect of PS is a reduction in the
e�cacies of glutamate, NMDA, and glycine, suggesting that
all of these agonists are relatively ine�cient in activating

NR1/NR2C and NR1/NR2D receptors. However, while the
model produced a good ®t to the data, it was not possible to
obtain a unique set of parameter estimates (i.e. more than
one set of values produced a good ®t) for the NR1/NR2C or

NR1/NR2D combinations, indicating that the information in
the concentration-response data is not adequate to fully
de®ne all 10 parameters for the inhibitory e�ects of PS on

these subunit combinations. Because the ®ts for NR1/NR2A
and NR1/NR2B both yielded estimates of about 761075 for
M (the resting ratio of active to inactive receptors), the

concentration response data for NR1/NRC and NR1/NR2D
were ®t with M ®xed to this value, thereby reducing the
number of free parameters (Table 3).

In contrast to the results obtained with PS, the two-state

model was not able to adequately ®t the 3a5bS concentra-
tion-response data for any subunit combination, suggesting
that the mechanism of action of 3a5bS is di�erent from that

of PS.

Discussion

PS modulation is subunit specific

Neuroactive steroids have been postulated to act as
neurotransmitters or neuromodulators. PS, a sulphated
neurosteroid, is synthesized in brain, and exerts modulatory

e�ects upon NMDA, glycine, and GABAA receptors.
Decreased levels of PS in the hippocampus of aged rats are
correlated with cognitive impairment, which can be transi-

ently reversed by intraperitoneal or intrahippocampal injec-
tion of PS (Vallee et al., 1997), suggesting that PS plays a role
in cognition.

Figure 6 Allosteric model of NMDA receptor modulation by PS.
Activation of the receptor (gating) is assumed to be concerted and
described by a two-state model. The model includes six binding sites,
two each for glutamate/NMDA, glycine, and PS. High a�nity is
indicated by a deep `slot' for the corresponding ligand, while low
a�nity is indicated by a shallow slot. A�nity of the active state for
PS is greater than that of the resting state for NR1/NR2A and NR1/
NR2B, but less than that of the resting state for NR1/NR2C and
NR1/NR2D.
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PS has been shown to act as a positive modulator of NMDA
induced currents of chick spinal cord and rat hippocampal

neurons in culture (Bowlby, 1993; Wong & Moss, 1994; Wu et
al., 1991), to increase NMDA mediated Ca2+ accumulation
(Irwin et al., 1992) and excitotoxic cell death (Weaver, 1998),

and to enhance glutamate mediated synaptic currents of
hippocampal neurons in culture (Park-Chung et al., 1997). In
addition, PS potentiates theNMDA induced current ofXenopus

oocytes expressing recombinant NR1100/NR2A receptors
(Park-Chung et al., 1997; Yaghoubi et al., 1998). The present
study is the ®rst to report that the modulatory e�ect of PS is
contingent upon the NR2 subunit composition of the NMDA

receptor, and that PS inhibits, rather than enhances, the
function of NR1/NR2C and NR1/NR2D receptors.
As previously reported (Yaghoubi et al., 1998), PS

enhances the NMDA-induced current of oocytes expressing
NR1/NR2A receptors primarily by increasing the e�cacy of
NMDA. Similarly, we ®nd that PS enhances the e�cacy of

glutamate and glycine as NR1/NR2A receptor agonists.
However, whereas PS increases the e�cacy of NMDA at
NR1/NR2B receptors, it enhances only the potency of

glutamate, with no e�ect on the maximum glutamate
response, in much the same way as benzodiazepines enhance
the potency of GABA at the GABAA receptor without
a�ecting the maximum GABA response (Choi et al., 1981).

Thus, the e�ect of PS on the agonist concentration response
curve depends upon both the subunit combination and the
particular agonist used.

A number of antagonists have been identi®ed that exhibit
selective a�nity depending upon the NR2 subunit. For
example, felbamate (Kleckner et al., 1999), ifenprodil

(Williams, 1993), haloperidol (Ilyin et al., 1996), and various
structurally related compounds (Guzikowski et al., 2000)
selectively inhibit NMDA receptors containing the NR2B

subunit, whereas the snail toxin conantokin-R selectively
inhibits receptors containing either the NR2A or NR2B
subunit (White et al., 2000). The degree of potentiation of the
NMDA induced current by spermine has been reported to be

dependent upon both the NR1 splice variant and the NR2
subunit present (Zhang et al., 1994). PS appears to be unique,
however, in its ability to selectively enhance or inhibit,

depending upon the type of NR2 subunit that is present.
The observation that potentiation of the NMDA receptor

by PS is dependent upon the presence of the NR2A or NR2B

subunit suggests that the PS binding site responsible for
potentiation may be partially or entirely located on the NR2
subunit. One di�culty with this hypothesis is that Xenopus

oocytes injected only with NR1 subunit mRNA exhibit weak
NMDA responses that are potentiated by PS (Yaghoubi et
al., 1998). However, mutagenesis studies suggest that the
glutamate/NMDA binding site resides on the NR2 subunit

(Anson et al., 1998), while the glycine site resides on NR1
(Wa�ord et al., 1995), so the NMDA responses observed in
oocytes injected only with NR1 subunits likely re¯ect

coassembly of NR1 with an endogenous NR2A or NR2B-
like subunit (Soloviev & Barnard, 1997).
The inhibitory e�ect of PS on NR1/NR2C and

NR1/NR2D receptors is primarily due to a decrease in the
e�cacies of glutamate, NMDA, and glycine, suggesting a
noncompetitive or uncompetitive mechanism of action. The

simplest way in which this kind of inhibition can arise is by
occlusion of the channel pore by drug. However, there is no
evident voltage-dependence of inhibition, such as would be
expected if the charged PS molecule needed to penetrate

signi®cantly into the channel's electrical ®eld, so it is likely
that the inhibitory e�ect of PS is mediated by a separate
allosteric site.

Physiological implications of subunit selective modulation

Our working hypothesis is that PS functions as an endogenous
neuromodulator to regulate the activity of ligand gated ion
channels. A neuromodulatory role for PS is consistent with its

presence and synthesis in the CNS and its ability to modulate
hippocampal synaptic transmission in cell culture (Park-Chung
et al., 1997). It has yet to be demonstrated, however, that
synaptic concentrations of endogenous PS are high enough for

modulation of synaptic transmission to occur under normal
physiological conditions. The present results have important
implications for the postulated role of PS as a neuromodu-

lator. In particular, the results predict that PS will enhance
NMDA receptor activation at synapses containing predomi-
nantly NR2A or NR2B subunits, but to decrease NMDA

receptor activation at synapses containing predominantly
NR2C or NR2D subunits.
The NR2A subunit appears after birth and becomes highly

expressed in hippocampus and cortex, with moderate

expression in other fore-, mid-, and hindbrain regions. The
NR2B subunit appears during embryonic development, and
is expressed at high levels in the cortex, hippocampus,

striatum, thalamus, and olfactory bulb, and to a lesser extent
in midbrain regions (Laurie et al., 1997; Monyer et al., 1994;
Wenzel et al., 1997a). Over-expression of the NR2B subunit

in forebrains of transgenic mice results in enhanced learning
and memory, suggesting that this subunit plays an important
role in cognition (Tang et al., 1999). The NR2C subunit

appears after birth, and is expressed primarily in the
cerebellum (Laurie et al., 1997; Monyer et al., 1994; Wenzel
et al., 1997a). The NR2D subunit is strongly expressed in
embryonic and neonatal thalamus, hypothalamus, and brain

stem, and to a lesser extent in cortex, hippocampus, and
septum, but declines after birth and is present at lower levels
in the adult (Dunah et al., 1996; Laurie et al., 1997; Wenzel

et al., 1997b). Thus, our ®ndings suggest that the inhibitory
e�ects of PS are likely to be particularly prominent in
cerebellum and in the developing nervous system.

Table 3 Parameters from ®ts of the two-state model to
concentration response date in the presence and absence of
PS

Subunit combination
Parameter NR1/NR2A NR1/NR2B NR1/NR2C NR1/NR2D

max 9.1 1.7 13 35
M 7.261075 6.961075 7.161075* 7.161075*
KGlu (mM) 0.2 0.37 0.038 0.016
K'Glu (mM) 0.023 0.016 0.0042 0.0022
KNMDA (mM) 31 25 12 4.2
K'NMDA (mM) 4.2 2.2 1.5 0.62
KGly (mM) 0.68 0.53 0.22 0.069
K'Gly (mM) 0.11 0.037 0.048 0.023
KPS (mM) 20 61 110 160
K'PS (mM) 15 45 170 310

*M was held in ®tting for NR1/NR2C and NR1/NR2D.
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Potency of 3a5bS depends upon subunit composition

In contrast to PS, 3a5bS inhibits all four subunit combina-

tions, although it is more potent at receptors containing the
NR2C or NR2D subunits than at those containing NR2A or
NR2B. Also, whereas PS produces only partial inhibition of
NR1/NR2C and NR1/NR2D receptors even at high

concentrations, 3a5bS is able to produce nearly complete
inhibition of all four subunit combinations. Inhibition of
glutamate and glycine induced currents by 3a5bS is

insurmountable and voltage independent, arguing that
3a5bS does not compete for the glutamate or glycine binding
sites, and that its site of action is not within the electrical ®eld

of the channel.
Potentiation of NR1/NR2A receptors by PS has been

shown to be mediated by a separate site from that responsible

for inhibition by 3a5bS (Park-Chung et al., 1997). However,
PS and 3a5bS both have inhibitory e�ects on NR1/NR2C
and NR1/NR2D receptors, raising the question of whether
the site responsible for the potentiating e�ect of PS on

NR1/NR2A and NR1/NR2B receptors is simply absent from
NR1/NR2C and NR1/NR2D receptors, unmasking an
inhibitory e�ect of PS mediated through the 3a5bS site.

The present results do not provide a direct answer to this
question, but we were able to ®t both the potentiating and
inhibitory e�ects of PS with a two-state allosteric model,
whereas this model could not account for the inhibitory

e�ects of 3a5bS on any subunit combination. It therefore
seems likely that the inhibitory e�ects of 3a5bS and PS on
NR1/NR2C and NR1/NR2D receptors are mediated by

di�erent sites and mechanisms.
The discovery that steroid modulators of the NMDA

receptor can exhibit strong selectivity for receptors of speci®c

subunit composition also has signi®cant implications for drug
design, indicating that it will likely be possible to develop
therapeutic agents that target the steroid modulatory sites of

particular NMDA receptor subtypes.
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